The ability to readily determine the composition of brown rice vinegar is important for quality assurance purposes. To that end, solid-phase microextraction (SPME)-Arrow method was optimized for the determination of volatile organic compounds (VOCs) from brown rice vinegar. Compared to traditional SPME fibers, SPME-Arrow has a larger sorbent-phase volume and is more durable. The SPME-Arrow conditions, including coating material, extraction temperature, extraction time, and NaCl concentration, were examined, which led to optimum extraction conditions that include: carboxen/polydimethylsiloxane (CAR/PDMS) fiber, 50°C, 30 min of SPME-Arrow, and 0% NaCl (i.e., no added NaCl). The developed method was compared to an optimized method based on conventional SPME. Twelve major VOCs, including acetates, alcohols, aldehydes, acids, and furan derivatives, were extracted by SPME-Arrow, while only seven VOCs were extracted using the traditional SPME. Moreover, SPME-Arrow extracted more 1.3-2 times more VOCs than SPME. Hence, the CAR/PDMS SPME-Arrow fiber is suitable for acquiring VOC profiles from brown rice vinegar.
Introduction
Vinegar, which is an acetic acid solution, is produced in complex fermentation procedures from a variety of raw materials such as fruits and grains. [1, 2] In Korea, brown rice vinegar is typically obtained from brancontaining unpolished brown rice mixed with a Korean fermentation starter (nuruk), and is used as a flavor enhancer and preserving agent. Brown rice vinegar has attracted much attention due to its possible anti-aging role, [3] and its antioxidant, [4] antihypertensive, [5] and immune-enhancing properties. [6] These beneficial effects may be due to bioactive substances derived from the raw materials used to produce the vinegar.
In addition to bioactive substances, the volatile organic compounds (VOCs) in vinegar are crucial components that impact on product quality and consumer acceptance. The VOCs and sensory quality of vinegar are directly influenced by the raw materials, fermentation procedure, and aging. [1, 2, 7] With this in mind, it is reasonable to suppose that VOC characterization using analytical techniques can play a crucial role in determining the quality of vinegar.
As a methodology for evaluating VOCs, the solid-phase microextraction (SPME) technique developed by Pawliszyn [8] has been widely used to extract VOCs from liquid foods. [7, 9] Sample preparation for SPME is simple, which minimizes the introduction of errors during analysis, resulting in more accurate and reliable analytical results. [10] Analytes are absorbed on sorbent-coated small fibers in SPME.
of larger volumes of sorbent material compared to those of traditional SPME fiber. [11] The SPME-Arrow device has been designed for improved mechanical robustness, and consists of an inner metal rod coated with a sorbent material protected by an outer metal tube, which together lead to an arrow-shaped tip. The larger volume (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) times that of conventional SPME) of the sorption phase used with SPME-Arrow provides improved sensitivities and extraction efficacies based on the merits of conventional SPME. [11] A considerable number of headspace-SPME-based (HS-SPME-based) studies that analyze VOCs in vinegar derived from a variety of fruits and grains have been reported in recent years. [7, 12, 13] However, the key VOCs in brown rice vinegars have been reported to a lesser extent. Moreover, the extraction efficacy of HS-SPME-Arrow for VOCs in brown rice vinegar has not been studied as this novel technique has only appeared recently. Herein, we propose that HS-SPME-Arrow combined with GC-MS/MS can be used to more-efficiently determine VOCs in brown rice vinegar than conventional techniques. In this study, we established such a sensitive HS-SPME-Arrow method for the detection of major VOCs, including acids, acetates, alcohols, aldehydes, and furan derivatives, in brown rice vinegar. We optimized the extraction conditions, including the type of fiber, NaCl concentration, extraction time, and extraction temperature. In addition, the extraction efficiencies and VOC profiles of the HS-SPME-Arrow-based method were directly compared with those of the traditional HS-SPME method.
Materials and methods
Materials SPME-Arrow fibers, including polydimethylsiloxane (PDMS) (100 μm Â 20 mm), divinylbenzene (DVB)/PDMS (120 μm Â 20 mm), and carboxen/PDMS (CAR/PDMS) (120 μm Â 20 mm) were acquired from CTC Analytics AG (Zwingen, Switzerland). Traditional SPME fibers, including PDMS/DVB (65 μm Â 10 mm, 0.6 μL), PDMS (100 μm Â 10 mm, 0.6 μL), DVB/CAR/PDMS (50/30 μm Â 10 mm, 0.6 μL), and CAR/PDMS (75 μm Â 10 mm, 0.6 μL) were purchased from Supelco (Bellefonte, PA, USA). The 4-methyl-2-pentanol internal standard was purchased from Sigma-Aldrich (St. Louis, MO, USA). All reagents were of analytical grade.
Gc-ms/ms
VOCs in brown rice vinegar were analyzed using a GC-MS instrument composed of a Triplus RSH Autosampler coupled with a TRACE 1310 GC system, and an ISQ LT single-quadrupole mass-detector (Thermo Scientific, West Palm Beach, FL, USA). The injector temperature was 250°C and split mode (5:1) was used. Chromatographic separation was achieved on a DB-WAX column (60 m × 0.25 mm i.d. × 0.25 μm) with helium as the carrier gas at a constant flow rate of 1.0 mL min −1 . The initial oven temperature of 50°C was held for 2 min, and then raised to 210°C at a rate of 2.5°C min −1 and held there for 2 min. The temperatures of the MS transfer line, source, and quadrupole were 280, 230, and 150°C, respectively. A mass scan range of 50-450 amu was used, and the mass spectrometer was operated at 70 eV in the 40-400 amu range. All data were analyzed with the Xcalibur software. The volatile compounds were identified by comparing their MS fragments with a library of mass spectra (Wiley/NIST 2008) using the Kovats retention index based on the retention times of standard n-alkanes. Quantitative analyses are expressed as relative ratios of the areas of individual VOCs extracted with different fibers against the highest volatile-compound area among the fibers used.
Sample preparation
Commercial brown rice vinegars were obtained from a local supermarket (Seongnam, Korea). A sample (1 mL) was transferred into a 20-mL headspace vial equipped with a PTFE/silicone septum screw-cap. 4-Methyl-2-pentanol was added as the internal standard prior to extraction. The vials were placed in the autosampler tray for GC-MS analysis. The VOCs were extracted from the brown rice vinegar using conventional HS-SPME or HS-SPME-Arrow.
SPME-arrow and conventional SPME conditions
The VOC extraction efficacies of three sorbents (100 μm PDMS, 120 μm CAR/PDMS, and 120 μm DVB/PDMS) were compared for HS-SPME-Arrow. Based on the normalized peak area of each VOC, we compared extraction time (10, 30 , and 60 min), temperature (40, 50, and 60°C), and the NaCl concentration (0, 4, and 8%, w/v) in order to optimize the extraction conditions. Four conventional SPME fibers, including PDMS/DVB (65 μm), PDMS (100 μm), DVB/CAR/ PDMS (50/30 μm), and CAR/PDMS (75 μm), were examined for the conventional SPME method. In addition to providing the best fiber coating, extraction time and temperature were also optimized. Finally, the extraction efficiencies and VOC profiles of the selected HS-SPME-Arrow and traditional HS-SPME fibers were compared under optimum extraction conditions.
Sensitivities and reproducibility of SPME-arrow and conventional SPME
The sensitivities and reproducibilities of selected SPME-Arrow and conventional SPME fibers were comprehensively evaluated. The sensitivities toward selected classes of VOC were evaluated based on the "cumulative area normalization value" parameter, as follows:
where K is the number of each category of VOC; X represents a selected fiber, AV K is the average peak area of compound K determined by two fibers, A K(X) is the absolute area of compound K determined by fiber X, NA K(X) is the normalized area of compound K determined by fiber X, and CA K(X) is the cumulative area of a particular category of VOC (from 1 to K) determined by fiber X. Reproducibilities were determined by calculating the relative standard deviations (RSDs) of selected fiber-adsorbed VOCs; the average RSD provides an indicator of repeatability, while the standard deviation of the RSD provides an indicator of variation.
Statistical analysis
All data are expressed as means with standard deviations from three replicate experiments. Data were analyzed using the students t-test or one-way analysis of variance followed by Duncan's multiple range tests at the p < .05 level. The IBM SPSS statistics software (version 20, SPSS Inc., Chicago, IL, USA), was used for these statistical analyses.
Results and discussion
Optimizing the extraction conditions using spme-arrow
The main factors affecting VOC extraction efficacy (i.e., fiber coating, extraction temperature, exposure time, and NaCl concentration) were optimized. In recent years, the headspace analysis such as SPME, SPME-Arrow, dynamic headspace (DHS) and stir bar sorptive extraction (SBSE) is widely used for volatile extraction. These headspace techniques are optimized in terms of several extraction parameters including fiber type, extraction temperature, extraction time, desorption time, salt content, pH, and the possible interactions between independent variables, which can significantly affect the extraction efficacy. [9] [10] [11] [12] [13] [14] [15] [16] All experiments were performed in triplicate and the experimental conditions were optimized on the basis of normalized peak areas.
Selecting the appropriate spme-arrow fiber Headspace VOCs were extracted using either the 100-μm PDMS, 120-μm CAR/PDMS, or 120-μm DVB/PDMS SPME-Arrow fiber. The main VOCs in vinegar can be classified into several groups, including aldehydes, acids, alcohols, acetates, and furan derivatives. [6, 12] Accordingly, we selected seven major VOCs and determined their extraction yields using the above-mentioned SPME-Arrow fibers; these seven VOCs were tentatively identified and the normalized peak areas obtained using each tested fiber are shown in Figure 1 efficacies of the 120-μm CAR/PDMS, 100-μm PDMS, and 120-μm DVB/PDMS SPME-Arrow fibers toward ethanol and acetic acid extraction were not significantly (p > .05) different. The selection of the appropriate coating material is a crucial step in the optimization and development of the SPME method. The suitability of a particular fiber coating for a specific analyte is related to the polarity of the extraction phase and the overall selectivity toward the analyte over other matrix components. [17] A considerable number of VOC-analysis studies using CAR/PDMS fibers have been reported with the aim of assessing vinegar quality. Mejıas et al. [12] reported that the CAR/PDMS fiber exhibited better performance for determining acetates, alcohols, and aldehydes in Chinese vinegars compared to DVB/PDMS or PDMS fibers. Moreover, Zhang et al. [7] reported that furfural, acetic acid, ethyl acetate, 3-methyl-1-butanol, and phenylethyl alcohol are major VOCs of rice vinegar, as determined using silica fiber coated with CAR/PDMS for VOC extraction. A CAR/PDMS fiber, which was produced with a cross-linked coating, is bipolar and can be used for matrices containing polar and non-polar VOCs. On the other hand, a PDMS fiber (non-polar) is poorly sensitive to highly volatile and polar compounds. A CAR/PDMS fiber was found to exhibit high affinity for the extraction of aldehydes, alcohols, and acids [12, 18] ; this fiber was suitable for extracting VOCs with low molecular weights, in the 30-225 amu range, due to its porosity and characteristic pores. [19] These results are consistent with our results (Figure 1(a) ), in which the CAR/PDMS coating was shown to exhibit the best extraction efficacy for compounds of low molecular weight. Moreover, CAR-coated fibers, such as CAR/PDMS, facilitate the adsorption of a wider range of molecular weights due to their similar volumes of micro-, meso-and macropores, compared to DVB-coated fibers, such as DVB/PDMS that contain relatively few micropores. [20] In addition, a CAR/PDMS fiber was effective for extracting low-boiling compounds. [20] The higher peak areas of the VOCs extracted with the bipolar porous CAR/PDMS coating, compared to those obtained using the PDMS and DVB/PDMS coatings is shown in Figure 1(a) . Accordingly, the CAR/PDMS SPME-Arrow fiber was chosen for further use, and the HS-SPME-Arrow conditions for the extraction of VOCs from brown rice vinegar were optimized.
Extraction time
The performance of the CAR/PDMS SPME-Arrow fiber for the extraction of VOCs from brown rice vinegar was further investigated for extraction times of 10, 30, and 60 min (Figure 1(b) ). The normalized peak areas of selected VOCs were observed to significantly (p < .05) increase as the extraction time was increased from 10 to 30 min; however the extracted amounts of all VOCs were significantly (p < .05) lower at an extraction time of 60 min. The optimum time required for the SPME fiber to reach equilibrium needs to be determined in order to produce reproducible quantitative-analysis data. Therefore, based on the results presented in Figure 1 (b), 30 min was selected as optimum for the extraction of VOCs from brown rice vinegar in subsequent experiments.
Extraction temperature
The effect of extraction temperature (40, 50, and 60°C) on VOC extraction from brown rice vinegar is shown in Figure 1(c) . Ethyl acetate and ethanol, with low molecular weights and low boiling points, equilibrated at 40°C, whereas the optimum temperature for the higher-boiling 2-furanmethanol, was found to be 60°C. The peak areas of 2-hexenal and acetic acid were significantly (p < .05) higher at 50°C compared to those of 40°C, but were lower at 60°C. Except for 2-furanmethanol, the best extraction results for the VOCs were obtained at 50°C (Figure 1(c) ). Thermodynamically, higher temperatures result in higher amounts of VOC due to their enhanced partial vapor pressures and their Henry's law constants. However, the ability of a fiber coating to adsorb an analyte decreases with increasing temperature. Furthermore, the partition coefficient is lower at high temperature, which results in lower extraction efficacy. [21] Feng et al. [9] also reported that VOCs with low molecular weights, including ethanol and ethyl acetate, exhibited lower peak areas at higher temperatures due to lower partition coefficients. On the basis of these experiments, we consider 50°C to be adequate for obtaining the best extraction efficiencies and this temperature was used in subsequent studies.
Salting effect
In general, the addition of salting-out agent increases VOC extraction efficacies, which is due to the higher ionic strength of the sample solution. The addition of NaCl usually decreases VOC solubility and facilitates the adsorption of higher amounts of analyte onto the fiber coating. Contrary to expectation, the addition of NaCl to the solutions in this study resulted in lower extraction efficiencies or no significant change compared to samples devoid of added NaCl, which indicates that higher ionic strength leads to lower extraction efficacies (Figure 1(d) ). [22] These results are consistent with those of a previous study, in which NaCl was used in an attempt to improve the salting-out effect. [23] To ensure optimal extraction performance, salt was not added in further studies. On the basis of the above-mentioned experimental results, the optimum extraction time, extraction temperature, NaCl concentration, and fiber type for the HS-SPME-Arrow analysis of brown rice vinegar were determined to be 30 min, 50°C, 0%, and the CAR/PDMS SPME-Arrow fiber, respectively.
Comparing the SPME-arrow and conventional SPME methods
Optimizing the conventional SPME method The performance of four conventional SPME fibers, namely PDMS/DVB (65 μm), PDMS (100 μm), DVB/CAR/PDMS (50/30 μm), and CAR/PDMS (75 μm), were examined by extracting VOCs from brown rice vinegar ( Supplementary Figure 1(A) ). The CAR/PDMS fiber was determined to be the most suitable conventional SPME fiber, and was selected for conventional SPME. The optimum extraction time and temperature were determined in a preliminary study to be 30 min ( Supplementary Figure 1(B) ), and 50°C ( Supplementary Figure 1(C) ), respectively.
Comparing VOCsVOCs were analyzed by GC-MS following extraction with the CAR/PDMS SPME-Arrow and conventional CAR/PDMS SPME fibers (Table 1) . A total of 12 VOCs, including acids, acetates, alcohols, aldehydes, and furan derivatives, were identified using SPME-Arrow, while seven VOCs were determined using the traditional SPME. A comparison of the extraction efficacies of the SPME-Arrow and conventional SPME fibers reveals that SPME-Arrow provides a more complete profile due to the wider range of VOCs detected; in particular, hexyl acetate, 1-hexanol, (Z)-3-hexen-1-ol, (E)-2-hexen-1-ol, and 2-furanmethanol were only detected by SPME-Arrow. The relative concentrations obtained by CAR/PDMS SPME-Arrow for ethyl acetate, 2-hexenal, acetic acid, furfural, and 2-acetylfuran were significantly (p < .05) higher than those obtained using the Table 1 . Volatile components of brown rice vinegar identified using SPME-Arrow and conventional SPME fibers.
Peak
No.
R.T. (min) R.I. Volatiles
Relative concentration x (mg L −1 ) 39.620 1660 2-Furanmethanol 0.03 ± 0.00 nd x Relative concentrations of volatile compounds are expressed as equivalents of the internal standard (2 mg/L of 4-methyl-2-pentanol) for SPME-Arrow-and SPME-GC/MS. y All data are presented as means ± SD (n = 3). Different letters in the same row indicate significant differences at p < 0.05 (assessed by student's t-test). R.T., retention time; R.I., retention index; nd, not detected.
SPME-Arrow
traditional CAR/PDMS fiber; however, they were nearly equal for ethanol and hexanal. These results demonstrate the advantages of SPME-Arrow over the conventional SPME fiber.
Evaluating VOCs in vinegar is useful for ascertaining product quality, which is influenced by aging time, storage conditions, fermentation procedures, and the raw materials used in its production. Chung et al. [13] reported that ethyl acetate, acetic acid, ethanol, and furfural were major VOCs in brown rice vinegar by conventional SPME, which is in agreement with our results using both SPME-Arrow and conventional SPME fibers (Table 1) . Ethanol and acetic acid in vinegar are representative VOCs for the alcoholization or vinegarization stages, respectively; hence, these VOCs can be used as biomarkers for improving vinegar quality. [24] Furfural, a furan derivative formed through Maillard reactions, is responsible for the caramellike flavor of vinegar. 2-Acetylfuran, a furfural-related compound, is a characteristic VOC that distinguishes aged vinegars from less-matured products. [25] Aldehydes are generated by the oxidation of alcohols or the decarboxylation of acids during fermentation. Previous study reported that the proportions of aldehydes, including 2-hexenal and hexanal, depended significantly on aging time and the raw materials used to produce the vinegar. [26] Some VOCs in brown rice vinegar, including (Z)-3-hexen-1-ol, (E)-2-hexen-1-ol, 2-furanmethanol, hexyl acetate, and 1-hexanol, were detected only by SPME-Arrow (Table 1 ). In previous studies, (Z)-3-hexen-1-ol, also known as a green leaf volatile, was considered to be exclusive to wine, tarragon, and apple vinegars. [27] Furthermore, (E)-2-hexen-1-ol has only been previously found in specific vinegars. [28] Ishihara et al. [29] reported that these VOCs are derived from raw materials since no significant changes in their concentrations were observed during the fermentation stage. 2-Furanmethanol, also known as furfuryl alcohol, is a flavoring ingredient. Hexyl acetate (apple flavor) is produced by the esterification of acids with alcohols, [30] and Lee et al. [31] reported that the alcohol contents depended on acidity, with the majority being ethanol and 1-hexanol. Therefore, these SPME-Arrow-extracted VOCs contribute to the assessment and characterization of brown rice vinegar quality.
Evaluating sensitivity and reproducibility
Cumulative VOC areas were used to evaluate the sensitivities of the CAR/PDMS SPME-Arrow and traditional CAR/PDMS SPME fibers (Figure 2) ; the higher the cumulative area, the higher the fiber sensitivity toward the same number of accumulated analytes. As shown in Figure 2 , the CAR/PDMS SPME-Arrow fiber exhibited a higher sensitivity to each category of VOC. Among the various categories of VOC, the CAR/PDMS SPME-Arrow fiber exhibited the highest increase in normalized cumulative area for alcohols, which is apparently related to the number of accumulated compounds.
The reproducibility of the CAR/PDMS SPME-Arrow and traditional CAR/PDMS SPME fibers were compared on the basis of average RSD and the standard deviation of the RSD obtained from the VOC peak areas listed in Table 1 . The results, shown in Figure 3 , indicate that the CAR/PDMS SPME-Arrow fiber provides more reproducible results, with a lower average RSD and standard deviation of the RSD than the traditional CAR/PDMS SPME fiber.
The SPME-Arrow SPME-based device provides a greater sorption-phase volume while maintaining the advantages of conventional SPME. Hence, SPME-Arrow exhibits an enhanced extraction efficacy and higher sensitivity over the detection range compared to conventional SPME. The use of SPME-Arrow resulted in an improved extraction capacity of aroma compounds in wine due to the increase of sorbent phase volume. [32] In addition to food matrices, HS-SPME-Arrow extraction has been applied to determine volatile compounds in Korean salt-fermented fish sauce, providing better sensitivity and robustness. [11] Barreira et al. [33] reported that SPME-Arrow improved the extraction efficacy of VOCs in the atmosphere with an up to 2-fold increase. The SBSE, one of microextraction technique, can also provide high sensitivity of analysis. [15] However, direct contact with the matrix may cause physical damage and contamination of stir bar. SMPE-Arrow has been shown to overcome the disadvantages of SBSE, which is possibly due to headspace extraction. [34] Our results (Table 1 and Figure 2 ) reveal that CAR/PDMS SMPE-Arrow performs well for VOC extraction; hence it was used comprehensively to analyze VOCs in brown rice vinegar. The performance of CAR/PDMS SMPE-Arrow may be due to the intrinsic SMPE-Arrow design that is capable of extracting a wide range of VOC with high sensitivity.
Conclusion
In this study, we developed a sensitive and reproducible method for determining VOCs in brown rice vinegar based on HS-SPME-Arrow coupled with GC-MS/MS. Like conventional HS-SPME, HS-SPME-Arrow is a very fast, simple, and solventless technique. The optimized vinegar-VOC extraction conditions were determined to involve a CAR/PDMS SPME-Arrow fiber absorbing for 30 min at 50°C without the addition of NaCl. However, further study is needed to examine the possible interactions between independent variables. Among the examined fiber coatings, the CAR/PDMS SPME-Arrow fiber extracted acid, acetate, alcohol, aldehyde, and furan-based VOCs most efficiently. In addition, we Conventional CAR/PDMS CAR/PDMS SPME-Arrow Figure 3 . Reproducibilities of the CAR/PDMS SPME-Arrow and conventional CAR/PDMS SPME fibers: standard deviation of the average relative standard deviation (RSD) as a function of the average RSD for brown rice vinegar VOCs.
compared the extraction efficacies of SPME-Arrow and conventional SPME on the basis of extraction yield. The CAR/PDMS SPME-Arrow fiber was found to extract VOCs more sensitively and reproducibly than the conventional CAR/PDMS SPME fiber. We conclude that CAR/PDMS SPME-Arrow is a promising and powerful extraction technique for the analysis of VOCs in brown rice vinegar.
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